ABSTRACT. This work analyses the results of a simple forming process of an AA6060 aluminum alloy sheet in order to validate the development of a simulation model based on the finite element method (FEM). This work represents the starting point of a broader study aimed at analyzing the sheet formability. The FEM based model and the use of both the flow stress curve and the formability limit curve (FLC) were validated through the simulation of a simple forming process that required use of a hemispherical punch. The detailed analysis of the machining process by using FEM allows significant time and cost savings, avoiding "trial-and-error" operations that are normally used in the setup phase of the production process.
INTRODUCTION
heet metal forming is defined as a sheet metal process of transformation in the desired shape without fracture or excessive localized thinning. It represents one of the most important processing techniques of the automotive and aerospace industries. Considerable efforts have been made over the years to develop more accurate theoretical models and methods to predict the feasibility of the forming process [1] [2] [3] . In such manner, it is possible to consider die modifications or to identify the appropriate process variables during the product production phase. Various commercial software based on the FEM are available for the analysis of the sheet metal forming process; however, to verify the FEM analysis results by means of experimental tests is very important; therefore, the metals forming is a matter of intense theoretical and experimental research. The formability, that is the capacity of the sheet to undergo deformation without incurring the fracture, expresses an important characteristic to be investigated in the field of metal forming. The formability limit curve (FLC) is frequently used to evaluate the formability of the sheet metal. It illustrates the behaviour of the sheet metal, in terms of principal strains measured in the sheet plane, as a result of different strain paths. The FLC is represented by a graph of the principal S strain measured at the beginning of the localized necking for all the possible values of the minor strain, as shown in Fig. 1 . The comparison of the principal strains points location with the FLC allows to determine the defects onset in terms of necking (strain localizing) or fracture of the material. Finite element software uses FLC to examine the strains distribution in sheet metal parts. The FLC can be determined by experimental [4] , theoretical [5] [6] [7] or hybrid methods [8] that combine experimental data with analytical or numerical approaches. An examination of different methods for determining FLC is presented in [9] . The theoretical methods are based on necking or material fracture criteria. Among the experimental methods, the most used is the Nakazima test for its simplicity. The test consists in making a hemispherical punch advance at a constant speed against a sheet bound between a die and a blank holder and allowing it to stretch until the necking or the fracture arises. This test is carried out on rectangular specimens with different widths so as to induce different strain states in the material, from the state of monoaxial stress to that of balanced stress. The maximum and minimum strains are detected by means of a reference grid drawn on the specimens before carrying out the test. Usually, the FEM evaluation of the feasibility of forming operations is obtained by comparing the estimated strains with the FLC. In the absence of this comparison, the numerical simulation can continue even after reaching the sheet fracture conditions. For this reason, some FEM software packages allow implementing criteria for fracture or strain localization. In this work, in order to validate the adopted FEM model, the results of an AA 6060 aluminum sheet forming process were compared with those resulting from numerical analysis.
EXPERIMENTAL ACTIVITY
he studied material consisted in a 1 mm thick sheet, made of an aluminium-magnesium-silicon alloy known as AA 6060 and characterized by the following chemical weight composition: Al-0.6%Si-0.3%Fe-0.1%Mn-0.6%Mg-0.1%Cu-0.15%Zn-0.05%Cr-0.1%Ti. It was a general use alloy and it was characterized by a high corrosion resistance. In order to determine the material constitutive law, needed for describing the mechanical behavior of the material in the considered numerical model, tensile tests were carried out according to the relevant standard UNI EN 10002-1:2004. The tests were performed using a two-column universal electromechanical testing machine with a 100 kN capacity. The specimen was characterized by a resistant section of 20 mm 2 and a thickness equal to the sheet one. Fig. 2 shows the standard specimen and Fig. 3 the real stress-strain curve obtained from the tensile test. From the results of the tensile test it was possible to determine the material constants present in the constitutive equation expressed by the power law:
where σ and ε are the stress and the strain, respectively; while K and n are characteristic constants of the material. In order to validate the FEM model, a forming test was carried out, schematically similar to the Nakazima test, but with larger geometric dimensions. In particular, the punch was characterized by a diameter of 60 mm. To perform this test, special equipment designed and built at the Laboratory of Technology and Manufacturing System of the University of Cassino and Southern Lazio was used. Fig. 4 shows an operating schema of the equipment. The system regulating the vertical translation of the punch was based on a trapezoidal screw jack with an external female thread. The rotation of the screw, driven by an electric motor through a mechanical transmission system, dragged the external female thread, integral with the crosshead on which a punch coupled to a load cell was mounted, with an alternative straight upward or downward movement. The punch speed, equal to 3 mm/min, was selected by appropriately acting on the electric motor through an electronic apparatus (inverter). In the same schema of Fig. 4 it is also possible to observe the equipment capable of evaluating the force trend applied by the punch on the sheet during the test. It was constituted by a multimetre and a power supply, connected to the load cell placed under the punch. Fig. 5 shows the technical solution adopted for mounting the load cell on the movable crosshead. The sheet was clamped on the equipment by means of a steel plate, by tightening the apposite screws with a closing torque of 45 Nm (Fig. 6 ). Further details on experimental equipment are given in [10] [11] . The tests were conducted under different lubrication conditions of the punch-sheet system. Fig. 7 shows some steps for carrying out the test. 
NUMERICAL ACTIVITY
he FEM modeling was performed using the MSC.Marc 2005, a commercial calculation code. Modeling required a series of steps: 1. Drawing of the sheet and the used dies; 2. Subdivision of the deformable body into finite elements; 3. Definition of constraint conditions; 4. Definition of the material properties and the formability limit curve, 5. Definition of contact and friction conditions. The previously described forming process was analyzed considering both a three-dimensional analysis (using shell elements) and a two-dimensional analysis (using axisymmetric elements). Fig. 8 shows the design of the used equipment (punch and die) as well as the discretized sheet metal in finite elements by both shell elements and axisymmetric elements. 
T
In the sheet peripheral area, the presence of a blank holder was simulated by imposing suitable constraint conditions. In particular, such constraint conditions prevented the sheet from sliding on the die. The contact conditions between bodies required the sheet to be defined as a deformable body while the die and the punch were defined as rigid bodies. In order to take account of the friction conditions between the punch and sheet and between the sheet and the die, the modified Coulomb friction model was chosen, whose relation between the tangential force ft and the normal force fn can be defined as:
where vr is the relative sliding speed and Rsv is the relative sliding speed at which the friction force tends to vanish. The coefficient of friction μ ranged from 0 to 0.2. The material behavior in the plastic field was described by the power law as Eqn. (1). In the adopted FEM code, to associate a formability limit curve to the deformable material was possible for shell elements, while to adopt a user-defined subroutine by introducing the most suitable FLC was necessary for axisymmetric elements. The introduction of the FLC allowed defining a formability limit parameter (FLP). The FLC, derived from Hill's local necking theory and Swift's diffuse necking theory, was dependent only on the material constant n present in the constitutive Eqn. (1). In particular, defining as β the ratio between the principal strains (ε max and ε min ) measured in the sheet plane:
the formability limit parameter was determined through the following ratio:
where by FLC (εmin) an analytical description of the formability limit curve as a function of the principal strain εmin is intended. In the case where β ≤0 it can be obtained:
while for β >0: 
NUMERICAL-EXPERIMENTAL COMPARISON
he finite element analysis allows to represent the FLP parameter distribution in the sheet as well as to define the trend of the force-displacement curve of the punch. Fig. 10 shows the reaching of the instability condition (FLP = 1) at the pole of the sheet, both in the case of three-dimensional and two-dimensional modeling, in perfect lubrication conditions (μ = 0). It should be noted that the simulation results are independent of the considered element type. Moreover, from Fig. 11 it is possible to compare the FEM results regarding the force-displacement curve of the punch in the case of μ=0. Fig. 12. From Fig. 12 , it can be seen that the fracture was determined after a stroke of about 28 mm in the case without lubrication. The displacement measured at the fracture point increases and reaches values of about 32 mm and 36 mm using graphite grease and PTFE as a lubricant, respectively. In Fig. 13 , the force-displacement curves of the punch, obtained by means of 2D finite element analysis for a coefficient of friction of 0.05, 0.1 and 0.2, is presented until the instability condition (FLP=1) occurs. Figs. 12 and 13 show that the stroke tended to increase under conditions both of instability (FEM) and fracture (experimental) by improving the lubrication conditions. Figure 11 : Comparison between the force-stroke curves of the punch, obtained by FEM for FLP = 1, under perfect lubrication conditions, using both shell (3D) and axisymmetric elements (2D).
The described comparison makes it possible to validate, in the practice of designing a plastic deformation process, the use of the criterion, introduced in the 3D and 2D FEM code, which establishes the occurrence of instability conditions in the sheet to be deformed. 
CONCLUSIONS
he aim of the work was the development of a calculation model useful for checking the feasibility of forming sheet metal components, using the formability limit curve. The behavior of the AA6060 alloy was evaluated in terms of mechanical strength, with the description of the flow stress curve and the FLC. The model was based on the finite element simulation of the sheet metal forming process using the commercial software MSC.Marc. In a first phase, the results from the 3D and 2D FEM modeling were compared. Subsequently, the 2D model was used, under different friction conditions, to verify the feasibility of a simple axisymmetric vessel. 
